At menopause, the dramatic loss of ovarian estradiol (E2) necessitates the adaptation of estrogensensitive neurons in the hypothalamus to an estrogen-depleted environment. We developed a rat model to test the "critical window" hypothesis of the effects of timing and duration of E2 treatment after deprivation on the hypothalamic neuronal gene network in the arcuate nucleus and the medial preoptic area. Rats at 2 ages (reproductively mature or aging) were ovariectomized and given E2 or vehicle replacement regimes of differing timing and duration. Using a 48-gene quantitative low-density PCR array and weighted gene coexpression network analysis, we identified gene modules differentially regulated by age, timing, and duration of E2 treatment. Of particular interest, E2 status differentially affected suites of genes in the hypothalamus involved in energy balance, circadian rhythms, and reproduction. In fact, E2 status was the dominant factor in determining gene modules and hormone levels; age, timing, and duration had more subtle effects. Our results highlight the plasticity of hypothalamic neuroendocrine systems during reproductive aging and its surprising ability to adapt to diverse E2 replacement regimes. (Endocrinology 156: 0000 -0000, 2015)
T he hypothalamic control of neuroendocrine function, energy balance, biological rhythms, and body temperature are highly sensitive to the estrogenic milieu (1) (2) (3) (4) (5) . Thus, the profound depletion of ovarian estrogens with menopause in women requires the resetting of, and adaptation to, a new homeostatic environment. From animal studies, there is abundant evidence for cellular, physiological, and behavioral effects of estrogens (6 -8) that likely underlie many of the neurobiological changes that occur during menopause in humans. Many of the most untoward menopausal symptoms, hot flashes, insomnia, weight gain, depression, and anxiety likely reflect maladaptive changes.
Until 2002, estrogens were widely used internationally to treat a variety of health-related symptoms caused by estrogen deficiency after surgical or natural menopause (9) . That changed when results from the Women's Health Initiative seriously challenged the safety and utility of postmenopausal hormone treatment and was terminated early in 2002 (10) , leading to a drastic reduction in prescriptions for postmenopausal symptoms. Since then, reanalysis of the Women's Health Initiative methods with regards to the age of participants, their choice of hormone treatment, and reference group suggested that there might exist a critical period at the perimenopause during which hormone treatment could benefit neurobiological and other health-related endpoints (11) . Beyond this window, hormone treatments had no effect or were even detrimental (10) . Despite increasing evidence for this critical window (12) (13) (14) (15) (16) , "a definitive clinical trial to test this hypothesis is not feasible" (12) in humans due to clinical and ethical concerns. Therefore, developing and using an animal model to test this hypothesis toward discovery of underlying mechanisms is of major clinical and public health relevance. Our study focused on the hypothalamus, the brain region that drives the production of ovarian estrogens through the hypothalamic-pituitary-gonadal (HPG) axis, and is also sensitive to circulating estrogen feedback (17) (18) (19) .
Here, we studied how chronological age, in conjunction with timing and duration of estradiol (E2) treatment relative to depletion, affected hypothalamic genes and neuroendocrine outcomes. We focused on 2 key hypothalamic regions, the arcuate nucleus (ARC) and the medial preoptic area (mPOA), which are major sites regulating energy balance, reproductive function, thermoregulation, and other homeostatic processes (20 -23) . Our goal was to provide mechanistic insights into gene networks involved in these functions, and their regulation by age, E2 deficiency, and E2 treatment, in a preclinical model of the menopause.
Materials and Methods

Experimental animals, husbandry, and surgery
Female Sprague-Dawley rats were purchased at 3-4 months (reproductively mature [MAT] group; virgin) and 10 -11 months old (reproductive aging [AG] group; retired breeder) from Harlan. Upon arrival, rats were randomly pair housed with a sameage partner in controlled room temperature (22°C) and light cycle (12-h light, 12-h dark cycle, lights on at 7 AM). Food and water were available ad libitum. The composition of the pelleted diet (PROLAB RMH 1800; PMI Nutrition Int'l, LLC) for rats is consistent through this research with crude protein (18% minimum), crude fat (5% minimum) and crude fiber (5% maximum). All of the animal experiments followed protocols approved by the Institutional Animal Care and Use Committee at the University of Texas at Austin and adhered to guidelines from The Guide for the Care and Use of Experimental Animals.
We used 8 groups of rats (n ϭ 10 per group) ( Figure 1 ). Rats were gently handled and general health checked twice a week upon arrival. After adapting to the new housing environment for a week, the estrous cycle of each rat was monitored for 2 weeks by performing daily vaginal lavage using sterile saline and recording cell morphology under an upright microscope at ϫ10 magnification. At age 3-4 months, rats with regular estrous cycles were used for the MAT group. At age10 -11 months, rats with regular cycles (50%), irregular estrous cycles (30%), or persistent estrus (20%) were randomly assigned to different treatments for the AG groups ( Figure 1 ). Bilateral ovariectomy (OVX) surgery was performed under isoflurane anesthesia as previously described, with rimadyl given for analgesia (24, 25) .
At the end of the surgery, a Silastic capsule was sc implanted intrascapularly. For both MAT and AG groups, capsules were prepared using 12.5-mm Corning Silastic tubing (1.98 mm inner diameter ϫ 3.18 mm outer diameter) filled with either 5% 17␤-estradiol (Sigma E-8875) in cholesterol (Sigma C-3292) for E2 treatment, or 100% cholesterol for vehicle treatment. Capsules were sealed with 1.5 mm Silastic glue (factor 2 medical grade) on each end, sterilized with chlorhexidine solution (2% chlorhexidine gluconate) and soaked in sterile normal saline overnight before surgery. Each cage was randomly assigned for the hormone treatment and rats within the same cage always received the same treatment. After OVX, all animals received a new identification number to allow blinded data collection. Body weight was monitored twice a week.
Tissue collection
Rats were humanely euthanized by decapitation after 3 or 6 months of hormone treatment, between 1 and 3 PM, 4 -6 hours before lights off at 7 PM. A terminal trunk blood sample was collected and processed as described below. The brain was quickly extracted and briefly cooled in ice. Using an ice-cold brain matrix (Ted Pella, Inc) with coronal slots at 1 mm intervals to allow razor blade insertion, 8 coronal brain sections through the entire hypothalamus were collected. Each section was quickly immersed in 1.5 mL of RNAlater (Invitrogen, catalog AM7021M). After storage at 4°C overnight, each section was carefully mounted on a plain glass slide to be stored at Ϫ20°C.
At euthanasia, the pituitary was removed and weighed. The diameter of the uterine horn was measured at its base. The adrenal glands were carefully removed and weighed. The pituitary and adrenal index score were calculated by: [gland weight (mg)/ body weight (g)] ϫ 100. The experimental model used to study effects of age, timing, and duration of hormone treatment is shown. OVX surgery, and vehicle (VEH) or E2 capsule implantation were performed at age 4 -5 and 11-12 months. Groups 1-6 included MAT and AG rats given VEH or E2 for 3 or 6 months. Groups 7 and 8 involved switching the hormone treatment given to AG rats 3 months after the OVX time point and allowing rats to age for another 3 months. Age effects were compared in groups 1-4 (2 variables, age and hormone). Duration of hormone effect was compared in groups 3-6 (2 variables, hormone and 3 or 6 months of duration). Effects of timing of hormone treatment were compared in groups 5-8.
RNA extraction and real-time PCR
RNAlater-treated brain sections were thawed once for the micropunching process. Hypothalamic regions containing the mPOA (bregma Ϫ0.26 to Ϫ1.80) and ARC (bregma Ϫ2.12 to Ϫ4.52) (26) were micropunched using a 1.2-mm diameter punch (Stoelting, 57399). RNA was extracted using RNAeasy Mini kit (QIAGEN, catalog 74104) according to the manufacturer's protocol. On-column deoxyribonuclease digestion was performed using RNase-Free DNase Set (QIAGEN, catalog 79254). RNA was eluted in 30-L ribonuclease-free water and RNA quality and concentration were checked on the bioanalyzer using the Agilent RNA 6000 Nano kit (Agilent, catalog 5067-1511). A total of 200 ng of total RNA was converted to single-stranded cDNA using a high capacity cDNA reverse transcription kit (Applied Biosystems, catalog 4374966). Diluted cDNA samples (1 ng/L for total 100 L) were mixed with 100-L TaqMan Universal PCR Master Mix (Applied Biosystems, catalog 4304437) and loaded on a customized 48-gene TaqMan Gene Expression Microfluidic Card (7900HT; Applied Biosystems). Genes related to energy balance, reproduction, circadian regulation, ovarian hormone signaling, and neurotransmitter signaling were specifically chosen and quantified in the mPOA and ARC. Real-time PCR was performed on an ABI ViiA7 machine as previously described (27) . Relative expression of each gene was determined using the comparative cycles threshold (Ct) method (28 -30) . Each sample was normalized to 18s rRNA, which is constantly detected at 8 PCR Ct. All data were calibrated to the average change in Ct to the group mean of the AG-V6 group.
Serum hormone assays
After decapitation, trunk blood was collected and allowed to fully coagulate at room temperature. Serum was separated after centrifugation at 2300g for 5 minutes at room temperature and then stored at Ϫ80°C. Serum E2 concentration was measured in duplicates using an RIA kit (DSL-4800; Beckman Coulter) in one assay, with intraassay variability of 2.2%. Pituitary hormone concentrations were measured in 10-L serum simultaneously in a single Milliplex Rat Pituitary Magnetic Bead assay (RPTMAG-86K; Millipore), with intraassay variability of LH 3.82%, FSH 2.25%, TSH 0.4%, ACTH 3.03%, GH 4.69%, prolactin 1.4%, and brain-derived neurotrophic factor (BDNF) 0.93%. To measure serum progesterone (P4), corticosterone (Cort), and thyroid hormones (total T 3 and T 4 ), 100 L of serum were extracted using 150 L of acetonitrile following the protocol of the Milliplex Steroid Magnetic Bead assay (STTHMAG-21K; Millipore), with intraassay variability of P4 4.93%, Cort 3.96%, T 3 10.94%, and T 4 7.63%. All magnetic bead assays were measured by the Luminex 200 system (Life Technologies) by Dr Andrew Wolfe (Johns Hopkins University School of Medicine).
Statistical analyses
Analysis of variance
All analysis was done using the statistical software package R (www.rproject.org). Many of our data were not normally distributed, therefore we used nonparametric permutation based ANOVA to compare group differences. Three sets of comparisons were made. 1) Effects of age were compared in groups 1-4 ( Figure 1 ), in MAT and AG given vehicle or E2 for 3 months. This resulted in a 2-factor analysis, with variables age and hormone treatment. 2) Effects of duration were compared in groups 3-6 ( Figure 1 ) in AG rats given vehicle or E2 for 3 or 6 months. This resulted in a 2-factor analysis, with variables hormone treatment and duration. 3) Effects of timing were tested using one-way ANOVA in groups 5-8 ( Figure 1) , with all animals used for a 6 month post-OVX period, but the treatments of E2 beginning either immediately or delayed by 3 months. Nonparametric post hoc Tukey contrasts were done with a multivariate Satterthwaite t-Approximation in the R package nparcomp. Statistical significance was considered at the 2-tailed P Ͻ .05.
Weighted gene coexpression network analysis (WGCNA)
WGCNA (31) is used to identify modules of highly correlated genes and representative module eigengenes (31) . To generate weighted covariance networks of gene expression, a Pearson correlation matrix was calculated across all animals and treatment groups by computing pairwise correlations between all possible gene pairs. This was done separately for the 2 brain regions (mPOA and ARC). These correlation matrices were used to define networks where the connection strength between any pair of genes is given by the strength of their pairwise correlation. We subtracted each adjacency matrix from 1, creating a distance matrix of genes whose expression levels are highly correlated (low distance), or weakly correlated (high distance). Using this distance metric, we hierarchically clustered the genes and identified coexpression modules in the resulting dendrogram using a dynamic tree cutting algorithm available in the WGCNA R package, with a minimum module size of 5 genes. Expression values within each module were summarized using a statistic called an eigengene, which represents the first principal component of each module; this is the eigenvector of the covariance matrix that explains the largest amount of the variance. The eigengene summarizes the gene expression profile of the each set of correlated genes (each module) as a linear combination of the original gene expression values in the module that explains the most variance possible.
Body weight
We used the LME4 package in R to fit mixed-effect models with main effects of time, treatment group, and their interaction with a random effect that accounts for repeated measures of the same individuals. We then employed the lsmeans package in R to compute the least-squares means and compared Tukey contrasts for the treatment groups at each time point. P values from the mixed models are reported and results from the contrasts are summarized graphically using a compact letter display.
Covariance correlation analysis
We tested pairwise correlations between hypothalamic gene expression levels, serum hormone levels and physiological parameters (body weight, adrenal, and pituitary indices). To account for the effects of E2 treatment we included treatment (either E2 or vehicle) and the interaction between E2 treatment and each of the covariates listed above. The switch treatments (either E2 to vehicle or vehicle to E2) were assigned according to the final treatment they received at euthanasia. False discovery rate (FDR) correction (q value) was used to correct for multiple comparisons using the method of Benjamini and Hochberg (32) .
Results
Hypothalamic gene expression was affected by age and E2 treatment
Brain regions from individuals in the 8 groups of rats ( Figure 1 ) were used to identify modules of coregulated genes, analyzed by WGCNA. In the ARC, we identified 6 coexpression modules (Figure 2 ). In the mPOA, we identified 5 coexpression modules ( Figure 3) . A complete presentation of gene expression data is found in Supplemental Tables 1 and 2 for ARC and mPOA, respectively. Statistical results are summarized in Supplemental Table 3 . In each brain region, we calculated representative eigengenes (the first principal component) for each module, which we used to analyze the effects of age (MAT vs AG), duration (3 mo vs 6 mo), and timing of hormone treatment (at OVX, or delayed by 3 mo) on gene expression.
In the ARC (Figure 2 ), 1 module (brown) was identified for which E2 treatment significantly down-regulated the representative eigengenes, irrespective of age, timing, or duration. A second module (blue) was identified for which the eigengenes were significantly up-regulated by E2, again independently of age, timing, or duration. Other modules had more complex responses to E2 status, with age, timing, and/or duration factoring into the results. The eigengene of the red module was significantly down-regulated by E2 (P ϭ .026), and showed a trend for downregulation with longer duration of treatment (P ϭ .058). The turquoise module eigengene was significantly affected by age (MAT Ͼ AG), with a trend for an effect of E2 (P ϭ .065). As a whole, ARC gene modules were substantially affected by E2 treatment and, to a lesser extent, age and E2 treatment duration. By contrast, the influence of timing of E2 treatment was relatively small; significant effects were identified in the brown and blue modules, driven by hormonal status (vehicle vs E2) at the time of tissue collection rather than timing of the onset of treatment (Supplemental Table 3 ).
In the mPOA (Figure 3 ), 5 clusters were identified, but there were fewer and less robust effects than in the ARC (Supplemental Table 3 ). E2 treatment significantly up-regulated the yellow module eigengene, and genes in this module were sensitive to E2 even when treatment was delayed for 3 months (Supplemental Table 3 ). The green module eigengene was significantly affected by age ϫ E2 interaction (P ϭ .03).
Serum hormones were sensitive to age and E2 treatment, timing, and duration
Twelve serum hormones were measured in the same experimental rats, with results shown in Figure 4 and statistics shown in Supplemental Table 3 . Serum E2 concentrations were measured to confirm efficacy of our longlasting Silastic capsules treatment ( Figure 4A ). In an earlier pilot study, we had measured E2 concentrations at 3 days, 1 month, 2 months, and 3 months OVX rats given E2 and found no significant differences of serum E2 among those groups, indicating that the hormone levels were maintained. E2 concentrations were significantly higher (P ϭ .001) in mature compared with AG rats, although both fell into the physiological range as compared with samples collected from intact mature and AG rats for a different study (data not shown) but run in the same assay. In addition, in the reproductive AG group, serum E2 levels were not different between the AG-E3 and AG-E6 groups, again consistent with the constant release of hormone from the capsules. Serum LH and FSH were lowered by E2 ( Figure 4 , B and C), due to expected negative feedback effects. A significant difference between the AG-E6 and AG-V3/E3 (P ϭ .020) was found for FSH, consistent with an effect of timing/duration of hormone treatment.
The hypothalamic-pituitary-thyroid (HPT) axis showed mixed effects of E2 treatment (Figure 4 , D-F). Serum TSH and T 4 were significantly lowered by E2 treatment. Serum T 3 was significantly affected by duration of E2 treatment (P ϭ .023) and duration ϫ E2 interaction (P ϭ .013). Rats with longer E2 treatment (6 mo) had lower serum T 3 compared with shorter E2 treatment (3 mo; AG-E3 vs AG-E6, P ϭ .0001). Serum T 3 was also affected by age ϫ E2 interaction (P ϭ .008). AG E2-treated rats showed significantly elevated T 3 (P ϭ .032), whereas MAT E2-treated rats showed a trend of lowered T 3 compared with vehicle rats. Comparing the AG 6-monthtreated groups, E2 consistently lowered serum TSH (P ϭ .03), T 3 (P ϭ .044), and T 4 (P Ͻ .001); however, those hormones were differentially affected by the timing of E2 treatment (Supplemental Table 3 ).
The hypothalamic-pituitary-adrenal (HPA) axis was assessed through measures of serum ACTH ( Figure 4G ) and Cort ( Figure 4H ). ACTH was not affected in our model; however, the AG-V3 group showed large variability compared with all other groups ( Figure 4G ). For Cort, there was a significant age effect (P ϭ .031) and an age ϫ E2 interaction (P ϭ .028). Serum P4, presumably from the adrenal in our OVX rats, was elevated by E2 ( Figure 4I ). Both age (age ϫ E2 interaction, P ϭ .036) and duration of E2 treatment (P ϭ .002) affected serum P4 concentrations, and serum P4 was sensitive to E2 even when treatment was delayed for 3 months (Supplemental Table 3 ).
Serum PRL was significantly elevated by E2 treatment ( Figure 4J ). The pattern of serum GH after E2 treatment was complex ( Figure 4K) . A large variation was seen in the AG-V3 group, which showed a significant duration ϫ E2 Figure 2 . Modules of highly correlated genes in the ARC of the hypothalamus were identified by gene expression and clustering analysis. The hierarchical clustering dendrogram of 45 genes was cut to yield 6 color-coded modules. The gene expression heat map with blue-red representation was illustrated for each treatment group. Using a representative eigengene value, each module was plotted and analyzed to detect age, duration, and timing of hormone effects, and summarized in Supplemental Table 3 . Significant P values are shown as *, P Ͻ .05; **, P Ͻ .01; ****, P Ͻ .0001. Trends (0.05 Ͻ P Ͻ .1) are also reported on the graphs. Treatment group correlations are shown on top of the heat map. Note that the ordering of groups on the heat map was determined by similarity of modules so the group orders are different from those shown in the box-and-whisker plots.
press.endocrine.org/journal/endo 5 interaction (P ϭ .0030), a trend of duration (P ϭ .0593), and an age ϫ E2 interaction (P ϭ .074). The AG-E6 group had significantly higher serum GH compared with AG-V6 (P ϭ .003) (Supplemental Table 3 ). Finally, serum BDNF levels were significantly lower in E2 compared with vehicle-treated rats ( Figure 4L ).
Endocrine organs and body weight were sensitive to age, and timing and duration of E2 treatment
We assessed effects of E2 treatment on peripheral endocrine organs, namely, pituitary index, adrenal index, and uterine diameter. Data are shown in Supplemental Figure 1 and statistics in Supplemental Table 3 . Compared Table 3 .
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with vehicle counterparts, E2-treated rats showed higher pituitary and adrenal indices, and larger uterine diameter (Supplemental Figure 1) . These endocrine organs were responsive to E2 treatment even when treatment was delayed for 3 months. Body weight was extremely sensitive to E2 deficiency and treatment in our rat model. Beginning 10 days after OVX, body weight was significantly higher in E2-deficient rats compared with E2-treated rats in the MAT and AG groups over the 3 months after OVX period ( Figure 5A) . Notably, most of the body weight increase in vehicle rats occurred during the first month after OVX, after which body weight was relatively stabilized. In the 6 months AG groups (Figure 5B) , switching the treatment after 3 months had profound effects on body weight, with most change happening in the first month postswitch.
Covariance analysis of hypothalamic gene expression, serum hormones, and physiological parameters
Significant correlations that survived FDR correction (q value) are shown in Figure 6 and listed in Supplemental Table 4 . In the correlations between ARC gene expression module eigenvalues and hormones, we found several significant correlations (P value); however, none of the interaction effects were significant after FDR correction (q value) (Supplemental Table 4 ). In the correlation between mPOA module eigenvalues and hormones, only the significant correlations between serum P4 levels and the mPOA turquoise module (without interaction) survived FDR correction (q ϭ 0.002) ( Figure 6A ). We used the same strategy to identify significant correlations between hormone levels and individual genes. As expected from the correlations between hormone levels and module eigengenes, serum P4 significantly correlated with Oxtr, Lepr, Pomc, Ghrh, and neuropeptide Y (Npy) from the mPOA, which all belonged to the mPOA turquoise module ( Figure 6 , B-F). We also found significant positive correlations between FSH levels and Oxtr (ARC), Drd2 (ARC), and Grin2a (mPOA). Furthermore, serum Cort and Ghrh (mPOA) were significantly correlated ( Figure  6G ). In correlations between physiological parameters and hormone levels we found significant interaction ef- 
for hormones involved in HPG axis (A-C), HPT axis (D-F), HPA axis (G-I), and growth and neurotropic factors (J-L). E2 treatment significantly elevated serum E2 (A), P4 (I), and PRL (J) and lowered LH (B), FSH (C), TSH (D), and T 4 (F). An age effect was shown for serum E2 (A), Cort (H), and BDNF (L). Age ϫ E2 interaction effects were found for serum E2 (A), TSH (D), T 3 (E), Cort (H), P4 (I), and BDNF (L). A longer duration of E2 treatment significantly lowered T 3 (E) and elevated P4 (I).
Significant P values are shown as *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001; ****, P Ͻ .0001. Trends (0.05 Ͻ P Ͻ .1) are also reported on the graph. n ϭ 10 per group. doi: 10.1210/en.2015-1032 press.endocrine.org/journal/endofects of GH and TSH with E2 treatment on pituitary index ( Figure 6 , H and I), such that each of these hormones correlated positively with pituitary index in the E2-treated group only. Serum E2 was positively correlated with adrenal index (q Ͻ 0.0001) ( Figure 6J ) and uterine diameter (q ϭ 0.035) ( Figure 6K ) when tested without interaction effect. Serum P4 was marginally correlated with adrenal index (P ϭ .004, q ϭ 0.057). Physiological parameters showed strong correlations. Pituitary and adrenal indices were positively correlated when tested without interaction effect (q ϭ 0.026) ( Figure 6L ). Adrenal index was negatively correlated with body weight at euthanasia (q Ͻ 0.0001) ( Figure 6M ).
Discussion
Our study systematically evaluated the effects of age, in conjunction with timing and duration of E2 treatment, on the dynamics of hypothalamic gene expression patterns in relation to physiological and hormonal responses. Overall, our results showed that E2 status was by far the dominant factor determining outcomes, with age, timing, and duration playing secondary roles. This result is of fundamental importance given the ongoing debates about E2 replacement therapy. Moreover, analysis of coexpression gene modules allowed us to gain detailed insights into groups of genes in 2 key hypothalamic regions that are correlated in their expression and responses to the experimental manipulations. Gene and hormone analyses also identified several significant effects of age, timing, and duration of hormone that may be relevant to the physiological effects of E2 on neuroendocrine functions.
Gene expression in the ARC is highly E2-responsive and includes kisspeptin-neurokinin Bprodynorphin (KNDy) neurons
We designed our PCR card to include genes in the hypothalamus involved in energy balance, circadian regulation, reproduction, neurotransmitter and hormone signaling. Our analysis identified several gene coexpression Figure 5 . Body weight was affected by age, and timing and duration of E2 treatment. A, In MAT and AG rats monitored for 3 months, body weight was significantly higher in vehicle-treated rats compared with E2-treated rats of both ages. B, Effects of 6 months of continuous vehicle or E2, or switching treatment at the 3-month time point, are shown for the AG rats. Body weight was sensitive to E2 status even after a 3-month delay in hormone treatment. n ϭ 10 rats per group. Letters at each time point refer to groups that are similar (same letter) or significantly different (different letter). Group numbers correspond to numbering in Figure 1 . C, Repeated measures ANOVA within each group identified body weight changes over the 3-to 6-month period, with numbers referring to levels being similar to (same number) or significantly different from (different number) other time points within that same group. Numbers 1-4 also represent body weight from lowest (1) to highest (4) within a group.
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doi: 10.1210/en.2015-1032 press.endocrine.org/journal/endo 9 modules for which E2 treatment was the dominant factor driving the clustering. Only 1 module (blue) was up-regulated by E2 treatment. Three modules showed downregulation in response to E2 (red, brown, and yellow) with secondary effects of timing and trends for duration. The brown module was of particular interest as its genes were strongly down-regulated by E2 regardless of the timing and duration. This module comprised genes that include the estrogen receptor (ER)␣ (Esr1), KNDy signaling (Kiss1 and Tac2), energy and electrolyte balance (Pomc and Avpr1a), melatonin responsiveness (Mtnr1b), and neuronal differentiation (Nkx2.1). KNDy neurons in the ARC coexpress Esr1 (33-37) and are a central node in the control of GnRH secretion (38 -44) . KNDy neurons are sexually dimorphic (37, 45, 46) , hormone-responsive (47, 48) , and are critically involved both in reproductive function and energy balance (40 -44, 49) . As shown previously, the population of KNDy neurons in the ARC exhibits E2-and age-related morphological changes such as neuronal hypertrophy and cell loss (35, 50 -54) . It is established that hypothalamic Kiss1 and Tac2 are elevated in parallel with diminished serum E2 and increased GnRH/LH release in postmenopausal women, macaques (47, 51, 55) , and OVX rodents (33, 42, 56) . Our gene coexpression analysis provides a unique way to examine the KNDy pathway in a manner that provides insights to several important neuroendocrine systems. Consistent with previous reports (33, 47, 51, 55, 56) , expression of kisspeptin (Kiss1) and neurokinin-B (Tac2) in our rats' ARC brown module was strongly down-regulated by E2 treatment. In the red module, prodynorphin (Pdyn) was down-regulated by E2 with a trend in the duration analysis. This agrees with other studies showing differences in the gene expression pattern between Pdyn with Kiss1 and Tac2 (40) and adds in the age and duration analysis. The differential clustering of Pdyn and Kiss1/Tac2 might also be related to changes of nonKNDy prodynorphin neurons and neurokinin-B neurons in the ARC. The receptor targets of KNDy neurons have mainly been studied on the regulation of GnRH neurons and reproductive function (39 -44) . In our study, gene expression of kisspeptin receptor (Kiss1r) in the yellow module was not as robustly down-regulated by E2 as its corresponding ligand, Kiss1, in the brown module. The neurokinin B receptor (Tacr3) was in the green module, which was the only module not affected by age and/or E2 in the ARC. Our data agree with the suggestion that the modulation of KNDy ligand-receptor pathways in the ARC (and median eminence) is mediated primarily through ligand synthesis rather than receptor modulation (47) . Furthermore, these data show differential effects of age and duration of E2 but no effects of timing.
Energy balance genes in the ARC
Beyond the KNDy neurons were other energy balance genes in the ARC, including proopiomelanocortin neurons (Pomc), Npy, orexin (Hcrt), and Ghrh, all of which were strongly regulated by E2 status. Pomc was clustered in the brown module, together with Kiss1, Tac2, and Esr1, and strongly down-regulated by E2. Npy, Hcrt, and Ghrh were clustered in the blue module, the only module upregulated by E2 treatment.
Circadian genes in the ARC
Although the central circadian clock is located in the suprachiasmatic nucleus (SCN) of the hypothalamus (57) (58) (59) (60) , it communicates with other hypothalamic and extrahypothalamic regions, each of which contains intrinsic clock gene expression. We found a correlated cluster in the ARC (turquoise) that was down-regulated by age and, to a lesser extent E2, that included the circadian genes Per1, Per2, Cry1, Cry2, Dbp, and Arntl (61) (62) (63) (64) (65) . The function of circadian related genes and estrogen signaling are tightly interlinked; Clock mutant mice demonstrate disrupted estrous cycles (66, 67) , and fluctuations of steroid hormone secretion through the estrous cycle affect Clock expression in the SCN (68, 69) . The role of circadian genes in other hypothalamic nuclei is not well established (70), but there is evidence that Per1 expression in ARC neurons exhibits a diurnal rhythm paralleling that of the SCN (71). Our finding of age-related decreases in gene expression of this cluster is consistent with evidence for age-associated changes of circadian gene expression and protein synthesis in the SCN (70, 72) . Future studies of the function of the circadian genes in ARC should include analyses across multiple time points around the 24-hour clock, to better understand the impact of estrogen and aging on chronobiological systems (73) (74) (75) .
The mPOA gene network was modestly affected by E2 and aging E2 had significant effects on one module in the mPOA (yellow), with expression increased in all groups by E2 status at euthanasia. The yellow gene module contains genes involved in hormone signaling and synthesis (Pgr, androgen receptor [Ar], and Cyp19a1), neurotropic factors (Igf1 and Bdnf), and Orexin (Hcrt), which play important roles in sleep (76) and feeding behavior (77) . Three of these same genes were also up-regulated by E2 in the ARC (blue module): Igf1, Hcrt, and Pgr. In the mPOA, Cyp19a1 (the aromatase p450 gene) and Ar were up-regulated by E2 but were down-regulated by E2 treatment in the ARC, indicative of region-specific differences in androgen metabolism and signaling. The Kiss1/Tac2 expression in the mPOA was not robustly affected as in the ARC, with only a trend of down-regulation (brown module, P ϭ .068) in E2-treated compared with E2-deficient rats. Kisspeptin neurons in the POA (specifically the anteroventral periventricular nucleus) are suggested to be a target of estrogen positive feedback and regulated positively by E2 (33, 78) . Our results suggest possible functional changes of kisspeptin neurons in response to long-term OVX and E2 treatment. Other differences between gene expression in the mPOA and ARC are not surprising given the functional differences played by these nuclei, their differential inputs and outputs, differences in neuronal phenotypes within each region (20 -23) , and differential involvement of these regions in the mediation of positive and negative feedback effects of E2 (79 -82) .
Many circadian genes in the mPOA were clustered together, including the same 6 that clustered in the ARC (Per1, Per2, Dbp, Cry1, Cry2, and Arntl), along with Clock. However, the pattern of expression of these circadian genes differed between the 2 regions (decreased by age in the ARC; age by E2 interaction in the mPOA). Similar to our ARC results, these circadian genes in the mPOA also clustered with Igf1r, Grin1, and Gper. These correlated modules identified by WGCNA analysis have enabled us to identify novel gene relationships and establish directions for future study.
Serum hormone responses were more sensitive to the timing and duration of E2
The hypothalamic-anterior pituitary neuroendocrine systems are well known to undergo age-related changes and to be modulated by E2 (83, 84) , presumably via the expression of ERs in hypothalamic nuclei such as the ARC and mPOA (8, 85, 86) . Furthermore, 90% of anterior pituitary cells contain nuclear ER␣ (87) . As expected, pituitary indices were higher in E2 than vehicle rats, consistent with the known pituitary hypertrophy caused by E2 treatment (88) , and uterine diameter was also higher due to the uterotrophic actions of E2 (89) . Adrenal index was also robustly increased in all groups with E2 on board at the time of euthanasia.
To gain insights into the question of age, and timing and duration of E2 treatment, we measured levels of the anterior pituitary hormones and target hormones and further analyzed their correlations with hypothalamic gene expression. The serum gonadotropins LH and FSH were strongly suppressed by E2 treatment regardless of the timing and duration, consistent with earlier studies showing this negative feedback (90) .
The HPT axis is a target for E2 action (91) (92) (93) (94) , and the close interaction between the HPG and the HPT pathways may relate to the increased and often undiagnosed frequency of thyroid disorders in menopausal women (95, 96) . However, the literature concerning estrogenic effects on the thyroid system is inconsistent, with increases, decreases, or no change reported in various models, and dependent upon which thyroid hormone(s) are measured and duration of treatment (91-94, 96 -98) . Due to the limitation of the assay, we only studied the serum TSH, total T 3 , and total T 4 . Our model revealed complex effects of E2 and age on the HPT system. Serum TSH and total T 4 were significantly lower in E2 rats compared with vehicletreated rats. However, delayed E2 treatment down-regulated TSH, but not T 4 , suggesting a disassociation of the HPT axis in response to delayed E2 treatment. Total T 3 was differentially regulated by E2 dependent upon age, duration, and timing. The differential response of T 3 and T 4 towards E2 treatment suggests the possibility of changes in hormone synthesis in the thyroid gland. Enzyme activity involved in thyroid hormone synthesis, conversion, and transportation might be altered with age and E2 status. Clearly more research is needed to resolve these discrepancies and to gain more insight as to the differential responses of the thyroid axis hormones to E2.
HPA measures showed no difference in ACTH, and elevated Cort in the MAT E2 rats. E2 enhances HPA responses to stress in OVX rats (99 -101), but we did not administer any stressor so we do not know why only the MAT rats responded to E2 with higher Cort concentrations. It should be noted that our replacement levels of E2 were somewhat higher in the MAT compared with AG rats; therefore a dose effect should be considered in interpreting these data. The elevation in serum P4 in our E2-treated groups, presumably from adrenal and possibly adipose tissue (102), was surprising. Despite evidence that E2 treatment elevates P4 receptor in the hypothalamus (103) and pituitary (104), we could not locate any literature linking E2 to peripheral P4 synthesis in an OVX model. Moreover, serum P4 positively correlated with gene expression of Ghrh, Npy, Pomc, Lepr, and Oxtr in the mPOA. In the literature on OVX rats, endogenous serum P4 is nearly always ignored, and the mechanism behind our finding needs further study.
Serum prolactin was significantly elevated in E2-treated rats independent of age, duration, and timing of treatment, consistent with the literature (105, 106) . There was a highly significant duration by E2 interaction on GH levels. Finally, we analyzed serum BDNF whose circulating levels were significantly decreased by E2 treatment, even though neural Bdnf gene expression was up-regulated by E2 treatment in the mPOA (yellow module) and unaffected in the ARC (green module). Hypothalamic BDNF is an important regulator of energy balance and feeding behavior (107) . Interactions between E2 and the BDNF signaling pathway have been reported in the central press.endocrine.org/journal/endonervous system (108) but not in the periphery. The source of peripheral BDNF production is still unclear (109, 110) ; however, the anterior pituitary lobe (109) and platelets (111) store and release BDNF. Our data provide more insights to how age and timing of E2 treatment could possibly play differential roles in the central and peripheral BDNF system.
Body weight was remarkably sensitive to E2 deficiency and treatment, even if timing of treatment was delayed Many menopausal women undergo weight gain and accumulation of visceral fat (7, 112, 113) . Significant weight gain is linked to postmenopausal morbidity such as cardiovascular disease and metabolic syndrome (114) . A rapid weight gain phenotype is well established in E2-deficient animal models (115) (116) (117) (118) (119) . Consistent with this, our E2-deficient OVX rats gained body weight, whereas E2-treated rats maintained their body weight similar to ovarian intact rats (the latter data were monitored as part of a separate ongoing study on AG intact rats). Our model also uniquely demonstrated the sensitivity of body weight change relevant to the timing and duration of E2 treatment. Here, we showed a totally reversed body weight pattern after switching treatment (E2 to vehicle or vehicle to E2) indicating a remarkable E2-dependent metabolic regulation. In testing the "critical window" hypothesis, we found that early E2 treatment showed no benefit in maintaining body weight 6 months after OVX if treatment was terminated 3 months post-OVX.
In the 6-month continuous vehicle treatment groups (no switch), body weight reached a plateau in 1-2 months. Consistent with this, the ARC blue and brown gene modules containing most of the energy balance genes showed similar expression at the 3-and 6-month points. These 2 modules showed a totally reversed pattern after switching treatment, which was also consistent with a totally reversed pattern of body weight. It has already been reported that food intake increases only transiently after OVX in rodent models (120, 121) , and pilot data in our lab measuring food consumption in OVX rats showed that any changes to food intake normalized after about 2 months (data collected in a different cohort, not shown here). Based on the effects of E2 on body weight, one would expect an inhibition of the NPY pathway (orexigenic, increase appetite) and an elevation of the POMC pathway (anorexic, decrease appetite) after E2 treatment. However, we showed a prolonged gene expression elevation (Npy, Hcrt, and Ghrh) and suppression (Pomc, Kiss1, and Tac2) by E2 compared with vehicle treatment. Our somewhat opposite results might reflect compensatory changes of energy balance neurons in the ARC after a major primary action of E2 affecting energy expenditure. Presumably, changes of energy expenditure, not energy intake is essential to maintain this body weight differential (7) as has been seen in OVX rats (122) , aromatase-deficient mice (117) , and ER␣ knockout mice (116) . Those genes might be involved in the maintenance of a new homeostatic setpoint, which over time is not reflected by food intake. Taken together, our results indicate a remarkable sensitivity and plasticity of the central network of energy balance neurons in response to E2 and other peripheral signals.
Limitations and clinical implications
Although the OVX rodent is a well-established model for hormone deprivation at menopause (25, 43, 123, 124) , there are several caveats. Only humans and nonhuman primates undergo a true menopause, and there are species differences even among primates (125) . Several rodent models exist beyond OVX, including the 4-vinylcyclohexene-diepoxide model of ovotoxicity that results in premature follicular loss (126 -129) . We believe that several features of our rat model add substantially to this study's clinical relevance. First, we used rats at ages that enabled a dissociation of the effect of chronological age comparable to pre-and perimenopausal women. In fact, although the dominant influence on the gene networks was E2 treatment, age played a significant role in several outcomes. Second, the shorter lifespan of rats enabled us to systematically test immediate vs delayed E2 treatment and for different durations. Third, rodent models enable direct links to be drawn between hypothalamic neuronal properties and neuroendocrine outcomes, something not feasible in humans and not practical in nonhuman primates. Thus, this systematic analysis of effects of E2 has shed light on neurobiological responsiveness and identified potential hypothalamic targets that can be further explored for functional outcomes and underlying molecular mechanisms.
Conclusions
This study provided a tool to examine the critical window hypothesis. Our results showed novel insights into how the timing and duration of E2 treatment and chronological age interact to affect expression of genes in the ARC and mPOA involved in neuroendocrine function. These results underscore the point that the presence/absence of E2 replacement at the time of gene expression measurements dominated the outcomes. Although fewer endpoints were sensitive to age, timing, and/or duration, those that we identified will point the way to understanding the biological relevance. Although gene clusters were identified in ARC and mPOA, there were substantial regional differences in how they responded to age and/or E2, with the ARC overall much more responsive to the hormone treatments than the mPOA. In the ARC, E2 differentially affected clusters of genes included KNDy, energy balance, and circadian genes. In the mPOA, the most affected gene cluster was up-regulated by E2. Our hormone data also suggest some disconnection between the central and peripheral endocrine systems. As suggested by the HPA and HPT axis results, the timing and duration of E2 treatment differentially affected pituitary and peripheral endocrine organ functions. Overall, our data underscore the sensitivity and plasticity of the neuroendocrine system in response to E2 status.
